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Salmonella enterica serotypes form a group of pathogens that
differ widely in their host range within mammals and birds
(Table 1). Members of S. enterica seem to lie along a spectrum
in terms of host range. At one end of this spectrum, S. enterica
serotype Typhi is perhaps the most highly host-adapted patho-
gen of this group, causing disease only in humans and higher
primates (23). Serotypes that have the ability to cause disease
and persist in multiple different species have a broad host
range and thus define the other end of this spectrum. Tradi-
tionally, S. enterica serotype Typhimurium has been thought of
as the prototypical broad-host-range serotype, since it is fre-
quently associated with disease in numerous species, including
humans, livestock, domestic fowl, rodents, and birds (Table 1).
However, here we present the alternate view that some sero-
type Typhimurium variants have a very narrow host range,
while others are clearly able to infect and persist in multiple
species. Therefore, it may be more accurate to describe sero-
type Typhimurium as a collection of variants that vary signifi-
cantly in their host range and their degree of host adaptation.
METHODS FOR DIFFERENTIATING BETWEEN
SEROTYPE TYPHIMURIUM VARIANTS
In order to draw accurate conclusions about the host range
of serotype Typhimurium variants, it is necessary to have meth-
ods to distinguish isolates from different sources from one
another. A number of techniques are presently in use to dif-
ferentiate serotype Typhimurium isolates for epidemiological
analysis. The presence or absence of the O5 antigen is used to
differentiate between serotype Typhimurium (which possesses
the O5 antigen) and its serological variant Copenhagen (which
lacks the O5 antigen) (32). Although serological techniques
can be used to differentiate between serotype Typhimurium
isolates, differences are revealed at much higher resolution by
phage typing.
Phage typing distinguishes serotype Typhimurium variants
based on their susceptibility to a set of bacteriophages. The
phage typing system developed by Lilleengen in 1948 distin-
guishes 24 Lilleengen types among serotype Typhimurium iso-
lates (38). A second typing system described by Callow in 1959
distinguishes 17 phage types (10). Between 1974 and 1996,
epidemiological national surveillance at the Robert Koch In-
stitute in Germany was performed using a combination of the
Callow and Lilleengen typing systems (34). Since 1996, a phage
typing system originally described by Felix and Callow (20) and
later extended by Anderson et al. (2) that distinguishes more
than 300 definitive phage types (DT) (Robert Koch Institut
and L. R. Ward, personal communication) has been used for
surveillance in Germany. In most cases, the phage type is a
stable property that provides an opportunity to follow the
spread of a particular serotype Typhimurium clone within dif-
ferent host populations over years or even decades (1). For
example, molecular fingerprinting shows that the majority of
DT104 isolates from Germany, Austria, the United Kingdom,
the United Arab Emirates, the Philippines, and The Nether-
lands belong to a single clone that has spread pandemically
during the 1990s (50). In addition to molecular fingerprinting,
serotype Typhimurium phage types can be further differenti-
ated by biotyping, a method based on fermentative character-
istics that was introduced by Edwards in 1936 (13). A modified
biotyping scheme developed by Duguid and coworkers (12) is
presently used to further differentiate between isolates of the
same phage type (1).
The sensitivity and stability of phage typing make this a very
attractive method for determining the spread of different, yet
very closely related, serotype Typhimurium clones over time.
Thus, phage typing in combination with other typing methods
can be used to determine in which host reservoirs a particular
serotype Typhimurium clone is associated with disease.
THE PIGEON-ADAPTED VARIANT OF
SEROTYPE TYPHIMURIUM
Based on two lines of evidence, serotype Typhimurium vari-
ants that are associated with disease in pigeons may be con-
sidered highly host adapted. First, serotype Typhimurium is
the only Salmonella serotype frequently associated with serious
systemic disease (avian paratyphoid) in pigeons (Table 1) (37)
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and it causes substantial mortality in this host species (17, 27).
Because of its ability to cause fatal systemic disease in pigeons,
serotype Typhimurium is similar to other highly host-adapted
S. enterica serotypes that are characterized by their ability to
cause systemic disease associated with high mortality rates in
their respective host reservoirs. These include the poultry-
adapted S. enterica serotype Gallinarum (fowl typhoid and
pullorum disease caused by biotypes Gallinarum and Pul-
lorum, respectively), the porcine-adapted S. enterica serotype
Choleraesuis (pig paratyphoid), the bovine-adapted S. enterica
serotype Dublin (bacteremia), and human-adapted serotype
Typhi (typhoid fever).
Second, epidemiological evidence indicates that serotype
Typhimurium isolates from pigeons are distinct from those
cultured from other host species. In 1935, Edwards noted that
all serotype Typhimurium isolates from pigeons lack the O5
antigen and thus belong to the serological variant Copenhagen
(14, 15), and subsequent investigations have confirmed this
finding (Table 2). Since the serological variant Copenhagen is
also responsible for sporadic cases of disease in humans and
other mammals, there was considerable concern in the first
half of the 20th century that pigeons may be a reservoir for
salmonellosis in mammalian species. However, subsequent
studies have shown that serotype Typhimurium isolates from
pigeons differ in their biotype and ribotype from those isolated
TABLE 1. Host adaptation of S. enterica serotypes revealed by epidemiological surveys
Reservoir Location of survey (time period [yrs] covered) S. enterica serotypes most frequently associated with disease(% of total isolates) Reference
Humans Massachusetts (1940–45) Typhimurium (31), Typhi (18), Montevideo (10),
Newport (8), Oranienburg (7)
39
Korea (1951) Paratyphi A (61), Typhi (11), Paratyphi C (10),
Enteritidis (8), Paratyphi B (6)
71
England and Wales (1958–67) Typhimurium (64), Paratyphi B (8) 42
United States (1987–97) Typhimurium (23), Enteritidis (21), Heidelberg (8) 47
Cattle Germany (1937) Dublin (82), Typhimurium (15) 37a
England and Wales (1958–67) Dublin (71), Typhimurium (27) 56
England and Wales (1968–73) Dublin (79), Typhimurium (17) 57
United States (1976) Typhimurium (54), Dublin (20) 9
England and Wales (1982–83) Typhimurium (63), Dublin (24) 58
Swine United States (1934–41) Choleraesuis (70), Typhimurium (11) 16
Germany (1937) Choleraesuis (50), Typhimurium (27), Dublin (23) 37a
England and Wales (1958–67) Choleraesuis (83), Typhimurium (8) 56
England and Wales (1968–73) Choleraesuis (57), Typhimurium (17), Dublin (15) 57
United States (1976) Choleraesuis (52), Typhimurium (21) 9
Sheep England and Wales (1958–67) Abortusovis (63), Dublin (26), Typhimurium (7) 57
England and Wales (1968–74) Dublin (45), Abortusovis (36), Typhimurium (9) 59
England and Wales (1975–81) Typhimurium (26), Dublin (24), Montevideo (11) 60
Horses United States (1934–41) Abortusequi (68), Typhimurium (32) 16
England and Wales (1973–79) Typhimurium (70) 68
Rodents United States (1934–41) Typhimurium (51), Enteritidis (31) 16
Germany (1978) Typhimurium (51), Enteritidis (39) 33
Chickens England and Wales (1933–44) Gallinarum (92) 24
Denmark (1934–38) Typhimurium (96) 25
England and Wales (1948–56) Gallinarum (76), Typhimurium (14), Thompson (8) 7
England and Wales (1958–67) Gallinarum (67), Typhimurium (18) 56
England and Wales (1968–73) Enteritidis (46), Typhimurium (41), Gallinarum (7) 57
Turkeys England and Wales (1933–44) Typhimurium (46), Gallinarum (27), Enteritidis (27) 24
England and Wales (1948–56) Typhimurium (57), Stanleyville (12), Thompson (10) 7
Ducks England and Wales (1933–44) Typhimurium (71), Enteritidis (21) 24
Denmark (1934–38) Typhimurium (58), Enteritidis (42) 25
England and Wales (1948–56) Typhimurium (76), Thompson (9) 7
United States (1950–60) Typhimurium (93) 51
Pigeons England and Wales (1933–44) Typhimurium (100) 24
Denmark (1934–38) Typhimurium (100) 25
England and Wales (1948–56) Typhimurium (100) 7
Germany (1956–1958) Typhimurium (99) 27
Massachusetts (1960–64) Typhimurium (94) 18
Finches England and Wales (1948–56) Typhimurium (100) 7
a This report by Lerche was one of the first to describe host adaptation of Salmonella serotypes.
TABLE 2. Association of serotype Typhimurium var. Copenhagen
with pigeons between 1933 and 1970
Time period
(yrs) of isolation
No. of serotype
Typhimurium
cultures investigated
% Cultures
of variant
Copenhagen
Reference
1933–44 5 100 24
Before 1937 35 100 14
1934–38 79 100 25
Before 1948 14 100 38
1955–64 25 88 17
1960–64 16 94 18
1968–70 45 100 69
1969 292 97 55
1969–70 145 98 70
Total 656 98
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from humans or other animals, suggesting that pigeons are not
a source of infection for other host reservoirs (46, 55, 65, 69).
Based on these data, the existence of a serotype Typhimurium
“pigeon type” that predominates in pigeons but is rarely trans-
mitted to other host species has been proposed (25, 31, 35, 38).
With the advent of phage typing it became increasingly clear
that serotype Typhimurium var. Copenhagen isolates from pi-
geons represent variants with a very narrow host range. Sur-
veillance in western Germany performed between 1969 and
1978 showed that 80% of cases of fatal DT2 infection occur in
pigeons (8). Surveillance in eastern Germany (and later in the
reunited Germany) performed between 1974 and 1996 showed
that the Callow/Lilleengen phage types 1a/6B (which corre-
sponds to DT2 in the Anderson system) and ut/Ph30 have
persisted in pigeon populations for decades (Fig. 1A) but were
never frequently isolated from humans (Fig. 1B). During this
time, Callow/Lilleengen type 1a/6B (DT2) was never fre-
quently isolated from animal sources other than pigeons in
Germany (Table 3). Callow/Lilleengen type ut/Ph30 can be
differentiated into 14 Anderson phage types; however, retro-
spective analysis shows that all ut/Ph30 isolates from pigeons
correspond to Anderson phage type DT99 (W. Rabsch, Abstr.
Epidémiol. Santé Anim., abstr. 12.18, p.31–32, 1997). Since the
Anderson system was introduced in 1996 for national surveil-
lance in Wernigerode, Germany, DT99 has rarely been iso-
lated from sources other than pigeons (W. Rabsch and H.
Tschäpe, unpublished data). Several studies show that DT2
and DT99 cultures represent the phage types predominantly
isolated from pigeons in Europe and North America (1, 4, 8,
35, 43, 70), suggesting a wide geographic distribution of these
clones.
The available epidemiological evidence supports the idea
that disease in pigeons is caused predominantly by serotype
Typhimurium variants DT2 and DT99. Phage types DT2 and
DT99 are isolated extremely infrequently from species other
than pigeons. This observation illustrates that these serotype
Typhimurium variants have a narrow host range. Conversely,
pigeons are very rarely infected with phage types other than
DT2 and DT99, indicating that other serotype Typhimurium
isolates are not well adapted to this host species. It is therefore
reasonable to conclude that phage types DT2 and DT99 rep-
resent a pigeon-adapted variant of serotype Typhimurium.
SEROTYPE TYPHIMURIUM VARIANTS ASSOCIATED
WITH OTHER AVIAN SOURCES AND WITH FOOD-
BORNE DISEASE IN HUMANS
While pigeon paratyphoid is caused primarily by pigeon-
adapted variants of serotype Typhimurium, analysis of isolates
from other avian sources reveals that disease is caused by a
variety of clones, some of which appear to have a narrow host
range while others have a broad host range. Broad-host-range
variants that are isolated from avian sources include phage
types DT49 and DT104, both of which are frequently isolated
from poultry (3, 8, 62). Both phage types are also frequently
isolated from livestock and cases of human disease (8, 22, 61,
62). However, several phage types associated with disease in
certain avian species seem to have a very narrow host range.
Although early evidence for the existence of avian-adapted
variants based on biotyping was not compelling, subsequent
analysis using phage typing strongly supports this view.
In the 1960s, Morgenroth and Duguid described a non-type
1, fimbriate, non-inositol-fermenting, and non-rhamnose-fer-
menting biotype of serotype Typhimurium that was designated
FIRN (45). A survey of serotype Typhimurium cultures iso-
lated from 57 different countries between 1920 and 1975 re-
FIG. 1. Association of serotype Typhimurium var. Copenhagen
phage types 1a/6B (DT2) and ut/Ph30 (DT99) with disease in pigeons
in Germany between 1974 and 1996. Serotype Typhimurium strains
were phage typed in the National Reference Laboratory for Salmo-
nella Berlin, Wernigerode Branch, which was a part of the Federal
Institute for Health Protection of Consumers and Veterinary Medicine
Berlin. (A) Number of annual 1a/6B (open diamonds) and ut/Ph30
(closed squares) isolations from pigeons expressed as a percentage of
the total number of serotype Typhimurium cultures from this source.
(B) Sum of annual 1a/6B and ut/Ph30 isolations (open circles) from
humans in Germany expressed as a percentage of the total number of
serotype Typhimurium cultures from this source.
TABLE 3. Association of serotype Typhimurium phage types
1a/6B (DT2), 4/3 (DT8), and 1aPhi4/6B (DT46) with
avian sources in Germany between 1974 and 1996
Source
Total no. of serotype
Typhimurium
cultures
% Isolates of indicated phage type
4/3
(DT8)
1aPhi4/6B
(DT46)
1a/6B
(DT2)
Cattle 11,558 0.6 1.4 0.5
Pigs 3,701 0.5 2.7 1.2
Domestic fowl 3,528 5.0 2.2 2.8
Waterfowl 2,854 18.1 36.6 1.5
Pigeons 5,573 0.3 0.3 67.6
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veals that FIRN variants are primarily associated with an avian
reservoir (1). In this study, of 124 FIRN cultures from animal
sources, 78% were from birds and 22% were from mammals.
Of the remaining 470 non-FIRN cultures from animal sources,
only 23% were from birds (1). However, FIRN variants of
serotype Typhimurium are a heterogeneous group with regard
to phage type. FIRN strains belong to 27 different phage types
(with DT13, DT14, DT40, and DT80 being the most common),
and most of these also contain non-FIRN isolates (1). Thus,
FIRN strains are not likely to represent a clonal group and this
biotype is not an adequate criterion to distinguish between
avian and mammalian isolates.
Phage typing has subsequently provided more compelling
evidence for the association of particular serotype Typhimurium
isolates with particular avian hosts. In wild birds, surveillance
in England and Germany showed that DT40 isolates of the
FIRN biotype are the serotype Typhimurium variants most
commonly associated with disease (8, 49; Rabsch, Abstr.
Epidémiol. Santé Anim.). Phage type DT40 has been reported
to be responsible for annual spring incidents of wild bird
(mainly songbirds and finches) mortality in England (40). In
Germany, most fatal cases of disease in animals associated with
DT40 occur in wild or zoo-kept birds, and this phage type
appears to cause only rare isolated cases of disease in other
species (8, 35). Phage type DT40 was responsible for an
epizootic of salmonellosis in feeder birds (mainly northern
flocking songbirds) in northeastern America in the winter of
1997–1998, and this phage type was noted to be very rarely
isolated from other species (11, 51). These data suggest that
phage type DT40 represents an avian-adapted serotype Typhi-
murium variant with narrow host range and wide geographic
distribution.
Serotype Typhimurium cultures from ducks are a source of
human infection but appear to differ from those isolated from
livestock or other avian reservoirs. This was first noted by
Hohn and Herrmann in 1937 using biotyping (28, 29) and was
subsequently confirmed by phage typing (Table 3). Surveil-
lance in Germany performed between 1974 and 1996 revealed
that the majority of duck cultures belong to two Callow/
Lilleengen phage types, 1aPhi4/6B and 4/3 (Fig. 2). During this
time period, 1aPhi4/6B and 4/3 were associated with a small
number of human serotype Typhimurium infections traced
back to the consumption of raw or undercooked duck eggs but
were rarely isolated from other sources (Table 3). Phage types
1aPhi4/6B and 4/3 correspond to DT46 and DT8 in the Ander-
son typing system, respectively, and both are characterized by
a positive reaction with typing phage F4 of Callow (10) that is
rarely observed for other groups. However, clones persisting in
populations of ducks seem to be less conserved temporally
than those isolated from pigeons and wild birds. For instance,
the preponderance of 1aPhi4/6B (DT46) in the 1980s and of
4/3 (DT8) in the 1990s suggests that the persistence of serotype
Typhimurium in populations of ducks is characterized by suc-
cessive epidemics caused by distinct bacterial clones (Fig. 2).
In conclusion, a subset of serotype Typhimurium clones as-
sociated with disease in ducks (i.e., DT8 and DT46) and wild
birds (DT40) appear to have a narrow host range and may be
considered host adapted. These host-adapted variants coexist
in nonpigeon avian reservoirs with serotype Typhimurium
phage types (i.e., DT49 and DT104) that appear to represent
true broad-host-range variants.
SEROTYPE TYPHIMURIUM STRAINS ASSOCIATED
WITH DISEASE IN LIVESTOCK AND WITH FOOD-
BORNE DISEASE IN HUMANS
Serotype Typhimurium isolates cultured from livestock are a
diverse group of organisms (as indicated by the presence of
80 phage types) that are frequently transmitted to humans
via food products. Phage types of serotype Typhimurium as-
sociated with disease in livestock generally are associated with
a broader host range. These isolates can be differentiated from
those phage types associated with disease in pigeons. However,
as pointed out above, a distinction between isolates from mam-
malian sources and those cultured from avian sources other
than pigeons is only possible for a subset of clones.
An interesting lesson to be learned from epidemiological
surveillance of livestock, particularly cattle, in England and
Germany is that the persistence of serotype Typhimurium in
this reservoir is characterized by a series of small epidemics,
each caused by a distinct bacterial clone defined by phage
typing. After dominating for a period of time in their bovine
reservoir, each epidemic serotype Typhimurium strain is re-
placed by a new clone, as indicated by the dominance of a new
phage type (reviewed in reference 53). For instance, after its
appearance in Britain in 1974, DT204 spread epidemically
among cattle herds and became the predominant serotype
Typhimurium clone associated with bovine infections in 1977
(64). DT204 was replaced by DT204c, a strain first isolated in
England during an outbreak in a calf-rearing complex in 1979,
as the phage type most commonly associated with disease in
cattle (63). DT204c became the predominant phage type caus-
FIG. 2. Association of serotype Typhimurium phage types
1aPhi4/6B (DT46) and 4/3 (DT8) with disease in ducks in Germany
between 1974 and 1996. Serotype Typhimurium strains were phage
typed in the National Reference Laboratory for Salmonella Berlin,
Wernigerode Branch, which was a part of the Federal Institute for
Health Protection of Consumers and Veterinary Medicine Berlin. The
number of annual 1aPhi4/6B (closed circles) and 4/3 (open squares)
isolations from ducks is expressed as a percentage of the total number
of serotype Typhimurium cultures from this source.
2252 MINIREVIEW INFECT. IMMUN.
 o
n
 Septem
ber 21, 2018 by guest
http://iai.asm
.org/
D
ow
nloaded from
 
ing salmonellosis in calves by the end of 1980 and caused an
epidemic in Britain that lasted until 1991 (67). DT204c coex-
isted in its bovine animal reservoir with other serotype Typhi-
murium phage types, most importantly DT49 (62). In 1992
DT204c was replaced as the most prevalent cattle isolate by
DT104, a phage type which is presently dominant in Britain
and that was first isolated in 1984 (61). A similar rise and fall
of serotype Typhimurium clones defined by phage typing has
also been observed in cattle populations in Germany (30, 36).
Although there is a succession of epidemic phage types, these
variants appear to have a broad host range. For example, in
addition to circulating within cattle populations, DT49 was also
commonly isolated from poultry and was the phage type most
frequently associated with human disease in England and
Wales during the years 1985 through 1988 (62). In Germany,
multidrug-resistant DT204 was frequently isolated from pigs
and poultry in addition to its association with disease in cattle.
Similarly, DT104 spread from cattle to other food animals,
including swine and poultry (3). In conclusion, serotype Typhi-
murium variants circulating in livestock appear to have a true
broad host range.
CONCLUSIONS
Serotype Typhimurium is frequently associated with disease
in many different mammalian and avian host species (Table 1).
Serotype Typhimurium cultures can be differentiated into nu-
merous distinct variants by phage typing and other epidemio-
logical typing methods. Some of these variants are frequently
associated with disease in a single host reservoir but are rarely
cultured from other sources, indicative of a narrow host range.
The most striking example of this apparent adaptation to one
particular host reservoir is in serotype Typhimurium phage
types DT2 and DT99 cultured from pigeons. Serotype Typhi-
murium pigeon isolates are almost exclusively associated with
disease in this reservoir (and not in other birds or mammals)
since surveillance began some seven decades ago. Further-
more, DT2 and DT99 seem to be the only serotype Typhi-
murium variants to infect pigeons, as truly broad-host-range
serotype Typhimurium variants, such as phage types DT49 and
DT104, are very rarely isolated from this source. Apparently,
host-adapted variants of serotype Typhimurium also infect
ducks (DT8 and DT46) and wild birds (DT40), but these hosts
are also susceptible to infection with true broad-host-range
serotype Typhimurium variants.
Serotype Typhimurium isolates from different species are
more closely genetically related to each other than they are to
other Salmonella serotypes (5, 6). This close genetic related-
ness of serotype Typhimurium variants suggests that relatively
few genetic changes may account for their apparent adapta-
tions to different host reservoirs. One possible mechanism by
which such variants may have arisen is phage-mediated trans-
fer of a small number of host-specific virulence factors, al-
though there is no direct evidence for this hypothesis at this
point. Phage-mediated transfer of virulence factors may not be
uncommon in serotype Typhimurium since putative virulence
genes have been identified in the genomes of several of its
prophages, including nanH and sodCIII in FELS-1, gogB in
Gifsy-1, sodCI and sseI (srfH) in Gifsy-2, sspH1 in Gifsy-3, and
sopE1 in SopE (19, 21, 26, 44, 66). Exchange of these phages
between serotype Typhimurium isolates may result in a reas-
sortment of virulence factors, thereby likely generating new
virulence traits (19, 21, 44, 66). This process may have contrib-
uted to the emergence of host-adapted serotype Typhimurium
variants that can be distinguished by phage typing because they
carry distinct repertoires of prophages.
The identification of serotype Typhimurium variants with a
narrow host range is significant since it provides a new oppor-
tunity to study host adaptation. Past attempts to identify genes
involved in host adaptation by introducing genes from a broad-
host-range serotype (e.g., serotype Typhimurium) into a sero-
type with a narrow host range (e.g., serotype Typhi or serotype
Gallinarum) in order to confer mouse virulence have not been
successful (54; L. Pascopella, S. Falkow, and P. L. C. Small,
Abstr. 96th Gen. Meet. Am. Soc. Microbiol., abstr. B-109, p.
173, 1996). Genome analysis suggests that it may indeed prove
experimentally challenging to construct a fully virulent (in
mice) serotype Typhi strain in the laboratory by transferring
serotype Typhimurium DNA because this approach is compli-
cated by the large amount of serotype-specific DNA present in
these bacterial genomes. For instance, the serotype Typhi ge-
nome contains 601 genes (on 82 genetic islands) that are ab-
sent from serotype Typhimurium while serotype Typhimurium
contains 479 genes (on 80 genetic islands) that are unique
relative to serotype Typhi (41, 48). These considerations sug-
gest that comparison of pathogens which are more closely
related than serotype Typhimurium and serotype Typhi, yet
still differ markedly with regard to host range, is likely to be a
more amenable approach for identifying genes involved in host
adaptation. The finding that serotype Typhimurium isolates
are closely related genetically but differ with regard to host
range thus opens a new opportunity to apply this strategy.
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